Polyoxymethylene (POM) copolymer is one of the relatively new, high performance engineering polymers. Its high crystallinity provides this polymer with excellent properties, including great tensile strength and stiffness, high toughness, good resilience, and low surface friction. POM also possesses excellent chemical resistance to a wide range of materials, comparing favorably with many thermoplastic polymers.
Introduction
Polyoxymethylene (POM) is a high-molecular-weight polymer of formaldehyde with the hydroxyl ends stabilized by etherification or esterification. It is often referred to as acetal homopolymer or polyacetal, which distinguishes it from polyformaldehyde, a low molecular weight, thermally unstable, and waxy material. POM is one of the high performance engineering polymers. It is available in the market as a homopolymer or a copolymer. Its high crystallinity provides excellent properties, including great tensile strength and stiffness, high toughness, good resilience, and low friction. POM also possesses excellent chemical resistance to a wide range of materials, comparing favorably with many thermoplastic polymers [1, 2] .
Turning this unique thermoplastic into fine fibered products is of interest to many industry engineers and scientists. Melt blowing (MB), a process of making fibrous products directly from a polymer resin, is on the top of their selection lists. The MB process utilizes high velocity hot air to attenuate extruded molten filaments into microfibers very rapidly, almost instantly. The fibers are then deposited on a collecting surface to form a self-bonded, nearly randomly oriented nonwoven web [3] .
Since the concept of MB was introduced in 1950s, especially in the past 20 years, tremendous R&D efforts had been made from both academia and industries [3] . A variety of polymers were thoroughly explored. However, very little literature is available for melt blowing POM.
Numerous products of different polymers, such as filter media, absorbent materials, wipes and battery separators, have been developed and commercialized by utilizing a melt blown technology. According to the published data on the demand of nonwoven roll goods in the U.S. [4], it is estimated that melt blown product sales could increase to $500-600 million in 2007. Polypropylene (PP) MB products will still be the majority in the market. Although POM has great overall properties, only recently has a MB grade Acetal copolymer become available [5] . Fine fibered products of POM may find applications in specialty filtration, such as hydrocarbon fuel filtration, and hydraulic fluid filtration. Many other applications are yet to be explored. As a new member of MB-capable resins, the Acetal copolymer has a long way to go. Extensive research and development efforts are required to effectively manufacture Acetal MB products. This paper discusses the MB process for POM with an emphasis on the effects of spinnerette settings on the fiber property. It also briefly discusses the relationship of process/web properties for this specific polymer and compares it with that of PP. 
Experimental

Equipment
This study is conducted utilizing a 5-inch MB pilot system installed in the main facility of Biax Fiberfilm Corporation, Greenville, WI. This pilot line is equipped with a 1-inch extruder, a heat exchanger, a 5-inch spinning head assembly, and a drum collector. A schematic drawing of the MB pilot line is presented in Figure 1 . The 5-inch spinnerette is a two-rowconcentric-nozzle-type [9] , with a total of 126 spinning holes. The nozzle inside diameter is 0.5 mm. Figure 2 shows the schematic structure of the spinnerette. The distance between the spinning nozzle tip to the surface of the top plate (DTT), is an important factor for successful melt blowing of any suitable polymer. By utilizing spacers, the DTT can be adjusted accordingly.
Processing and sample preparation
In addition to DTT, the polymer throughput, airflow rate, melt/metal/air temperatures, and melt/air pressures are also important process parameters, which need to be carefully controlled for a MB process. The experimental settings of these variables are listed in Table 1 . There are 3 thermocouples, a pressure transducer and a pressure gauge installed in the spinning head for monitoring and controlling the air, melt, and die metal temperatures, the melt pressure, and the air pressure, respectively. The polymer throughput is directly controlled by the extruder screw speed and the airflow rate is adjusted by a conventional valve. At the end of the trials, the system is purged with a 35 MFR polypropylene.
At each processing condition, the fiber samples were collected at different locations along the MB spin-line with a device as described in references 6 and 7. The fiber sizes were determined by using an optical microscope, a CCD video camera, and an image analyzing software (NIH1.62, Scion Corporation). After proper calibration, 150 fiber diameters were recorded and the average is reported for each designated positions along the spin-line. The fiber diameter distribution profile was constructed by plotting the frequency of fiber diameter against the corresponding categorical group of the fiber size.
Results and discussions
The Resin
The key resin parameters include molecular weight, molecular weight distribution, additives, and the structure of the polymer, which are inherent properties affecting the process and the end product properties. Commercially, the molecular weight is indicated by melt flow rate (MFR), a term defined as the gram of polymer melt passing through a standard capillary within 10 minutes under a constant pressure at a standard temperature. For polymers of the same type, the higher the
Figure 1 A SCHEMATIC DRAWING OF A MB PILOT LINE
MFR, the lower the average molecular weight. Molecular weight distribution (polydispersity) is defined as the ratio of the weight average molecular weight divided by the number average molecular weight. Polydispersity is normally controlled by polymerization method and the use of different catalysts. A higher polydispersity for a resin is always associated with higher elongational viscosity of the polymer melt. Since production of finer fiber is one of the most important goals of the melt blown technology, polymer resins with higher melt flow rate and narrower polydispersity are preferred for advanced fiber attenuation.
Although POM (FG40U01 CF2001) is a melt blown grade copolymer, it has a very low melt flow rate of 40g/10 min at 230 O C according to ASTM D1238, which indicates that the resin has a high average molecular weight. The apparent melt viscosity measured at 450ºF ranged from 75 Pa·s to 120 Pa·s at a moderate shear rate (2000 s -1 to 200 s -1 ), which is much higher than that of a MB grade PP (3 ~ 10 Pa·s) under its processing condition. Therefore, it is not surprising to find high melt pressure during the experiments, as presented in Table 1 . 
Figure 2 SCHEMATIC STRUCTURE OF THE SPINNERETTE
General Observations
Under the conditions of Trial 1, the filaments solidified quickly near the exits of the spinnerette. The fibers exhibit relatively large diameter and brittleness, indicating very limited fiber attenuation. With a mechanical drawing device, the filaments can be draw into very nice fibers. These fibers are stiff, strong and straight.
Trials 2 and 3 were conducted under a higher temperature profile and a reduced DTT. The filament attenuation is improved and fibers are much finer compared with those made in trial 1. However, the fibers are individual filaments without any bonding. There are no webs formed although the collecting distance varied from 5 to 18 inches.
With a different die setting and a higher air temperature, Trial 4 produced finer fibered MB webs, which presents a uniform web structures.
Fiber diameter
The fiber attenuation profiles are presented in Figure 3 . For Trials 2, 3 and 4; POM fiber diameter reduces dramatically within the first 5 cm from the spinnerette, similar as those of melt blowing PP. The fiber diameter continues to decrease in the second 5 cm with a much lower attenuation rate. Beyond 10 cm from the spinnerette, the fiber size reduction is minimal under the experimental conditions. A preliminary examination reveals that the fiber diameter distribution is relatively narrow.
The effect of spinnerette setting on the fiber diameter profile is significant, as shown in Figure 3 . At DTT of 3.05mm, the fiber size is measured 230 µm at and beyond 1.3 cm from the spinnerette. This observation indicates that the fibers were solidified quickly after extruded though the spinning nozzles. With the decrease in TDD, one can find that the fibers attenuate much faster in the area close to the spinnerette.
By considering each individual air jets, one can estimate the air jet temperature profile by the following empirical formulation [8] , Where: T a : the local air jet temperature T∞: the ambient temperature, T j, 0 : air temperature at the exit W: the diameter of air jet, and Z: distance from the air exit For this study, the ambient temperature is 70 O F, and the air jet diameter is 0.4572 mm. From these equations, the air jet temperature profiles can be calculated as shown in Figure 4 . The air jet temperature remains constant for a very short time and then decreases dramatically due to rapid expansion and the involvement of the ambient air. In the case of Trial 1, the DTT equals 3.05 mm, the air temperature at the spinning nozzle tip is 344 F at a distance of 4.0mm from the spinnerette top plate. As the DTT decreases and the air temperature increases, the filaments have longer time to be exposed to high temperature air jet. In other
Figure 3 POM MB FIBER DIAMETER PROFILES AT DIFFERENT CONDITIONS
words, the filaments should be kept under higher temperature for a longer distance, which is critical for major fiber attenuation. As shown in Figure 3 , Trial 4 exhibits more attenuation compared with Trials 1, 2, and 3. Therefore, the spinnerette setting is one of the most important operation parameters. . Considering the average fiber velocity, the crystallization happens in a fraction of a second. The drag force of primary air causes the polymer molecular orientation along the fiber axis, which promotes the formation of the crystalline structures. The cooling effect from both primary hot air expansion and secondary ambient air also contribute the relatively high crystallization.
A Comparison with PP
When compared with PP, POM MB fibers are more silk-like with significantly fewer fused fiber bundles. POM MB web is not as readily made as that of PP. Special efforts, including spinnerette settings, air temperatures, air volume, and DCD, need to be made for producing a MB web. The fiber-to-fiber bonding is not strong due to the fibers' crystalline nature, which results in unique web structures.
Summary
This preliminary study shows that melt blowing POM is, at present, considerably more challenging when compared with melt blowing PP. However, it was shown that POM can be attenuated to microfibers and producing well-bonded webs requires special efforts to fine tune the process conditions. The products produced exhibit excellent air permeability, good resilience, and low friction properties. A modified MB system is being assembled to deal specifically with highly crystalline polymers such as POM. To ensure a friendly melt blowing process with a large operation window, the development of POM with higher melt flow rate will be appreciated by process engineers, which may also provide a challenging development task for polymer scientists. Further study using this system will be conducted in the near future with a focus on the process/property relationship and application development. The author would like this report to initiate the interest of industry leaders in potential market applications for POM MB.
